









process,	 characterized	 by	 asynchronous	 hyphal	 growth	 in	 intercellular	 and	 intracellular	
spaces,	 leading	to	the	coexistence	of	diverse	 intraradical	structures,	such	as	hyphae,	coils,	
arbuscules	and	vesicles.	In	addition,	the	relative	abundance	of	intercellular	and	intracellular	
fungal	 structures	 is	 highly	dependent	on	 root	 anatomy	and	 the	 combination	of	 plant	 and	
fungal	 species	 [1,	 2].	 Lastly,	 more	 than	 one	 fungal	 species	 may	 colonize	 the	 same	 root,	
adding	 a	 further	 level	 of	 complexity.	 For	 all	 these	 reasons,	 detailed	 imaging	 of	 a	 large	




fungal	 colonization	 pattern	 and	 fine	morphology,	 in	 AM	 root	 sections	 of	 Lotus	 japonicus.	















techniques	 have	 been	 developed	 to	 this	 aim	 [3,	 4].	 These	 approaches	 include	 large	 scale	
quantification	 of	 root	 system	 colonization,	 relative	 abundance	 of	 different	 intraradical	
structures	 such	as	hyphae,	arbuscules	or	 vesicles,	 the	use	of	 vital	dyes	 to	highlight	 fungal	
metabolic	 activity	 [5].	 Some	 of	 the	 most	 common	 methods	 to	 visualize	 intraradical	
symbiotic	structures	include	tissue	clearing	and	subsequent	staining	with	cotton	blue	[6]	or	
chlorazol	 black	 E	 [7,	 8].	 Alternative	 nontoxic	 staining	 protocols	 were	 developed	 more	
recently,	 such	 as	 the	 ink	 and	 vinegar	 method	 [9].	 Such	 methods	 normally	 achieve	 an	
acceptable	definition	of	 fungal	colonization	at	single	cell	 resolution,	but	the	fine	details	of	
intracellular	 structures	 may	 result	 blurred.	 Under	 this	 respect,	 the	 introduction	 of	
fluorescent	 dyes	 has	 increased	 image	 contrast	 and	 resolution	 [10],	 especially	 when	
combined	with	 image	acquisition	 in	confocal	microscopy.	Acid	 fuchsin	 is	a	 red	 fluorescent	
dye	 that	 produces	 detailed	 images	 of	 fungal	 and	 plant	 cell	 walls	 [7,	 11	 –	 13],	 with	 the	
additional	advantage	of	an	 intense	pink	color	under	brightfield	 illumination	(useful	 for	the	
rapid	 screening	 of	 colonized	 root	 segments	 and	 low	 magnification	 imaging),	 and	 the	
disadvantage	of	high	toxicity.		
The	use	of	wheat	 germ	agglutinin	 (WGA)	 conjugated	with	a	 fluorophore	 is	 a	 very	 reliable	
alternative	with	a	unique	efficiency	in	resolving	the	finest	details	of	fungal	morphology	[14].	
WGA	is	a	 lectin	that	specifically	binds	chitin	[15],	the	most	abundant	component	of	fungal	





of	 fungal	walls	 in	 both	 electron	 [16]	 and	 fluorescence	microscopy	 [20].	While	 in	 the	 first	
case	the	lectin	is	conjugated	with	colloidal	gold	particles	(with	a	diameter	ranging	between	
5	 and	 30	 nm)	 [18,	 21,	 22],	 small	 fluorophores	 such	 as	 fluorescein	 isothiocyanate	 (FITC),	
tetramethylrhodamine-5-(and	 6)-isothiocyanate	 (TRITC)	 or	 the	 wide	 range	 of	 Alexa	
fluorophores	 have	 been	 used	 as	WGA	 tags	 for	 fluorescence	 microscopy	 in	 an	 increasing	
number	of	publications	[3,	14,	19,	23	–	27].		This	wide	range	of	fluorescent	WGA	conjugates	
allows	 their	 use	 in	 combination	 with	 additional	 fluorescent	 dyes,	 by	 optimizing	 spectral	
separation.	 Fluorescent	 WGA	 staining	 protocols	 provide	 unrivalled	 image	 contrast	 and	
detailed	imaging	of	fungal	morphology.	Such	advantages	are	counterbalanced	by	the	typical	
disadvantages	of	fluorescence-based	protocols.	Exposure	to	direct	light	should	be	prevented	
throughout	 sample	 preparation,	 to	 reduce	 signal	 fading;	 background	 autofluorescence	 of	
root	tissues	may	overlap	with	the	fluorophore	emission	spectrum;	fluorescence	quenching	
and	 photobleaching	 may	 progressively	 reduce	 signal	 intensity	 upon	 long	 periods	 of	
observations	[27].	With	due	precautions,	this	approach	has	anyway	proven	very	successful	
in	 a	 wide	 range	 of	 plants	 [3],	 including	 rice,	 maize,	 soybean,	 legumes,	 onion,	 sunflower.	
Furthermore,	the	combined	use	of	other	compatible	fluorescent	markers	for	plant	cell	walls	




roots	 inoculated	 with	 Funnelliformis	 mosseae;	 we	 have	 direct	 experience	 of	 the	
effectiveness	 of	 this	 method	 in	 other	 AM	 fungal	 and	 plant	 associations	 (e.g.	 Gigaspora	































1. Plants	 of	 L.	 japonicus	 (MG20)	 -	 grown	 in	 pots	 containing	 sterile	 quartz	 sand	 and	




























1. Imaging	 is	 obtained	 using	 either	 a	 fluorescence	 microscope	 equipped	 with	
appropriate	 filter	 sets	 for	 FITC	 and	 PI;	 alternatively,	 a	 confocal	microscope	 can	 be	
used	to	excite	both	fluorophores	at	with	488nm	(Ar	laser)	and	record	FITC	(emission	
window	at	500-550nm)	and	PI	(600-700nm)	fluorescence.	













4 Precise	 orientation	 of	 root	 segments	 during	 sectioning	 of	 either	 longitudinal	 or	
transverse	 sections	 is	 critical	 to	 obtain	 high	 quality	 images	 of	 both	 fungal	
morphology	and	root	anatomy.		
5 The	optimal	duration	of	tissue	clearing	in	diluted	bleach	should	be	adjusted	for	each	
plant	 species.	 Short	 treatments	 may	 prevent	 the	 complete	 removal	 of	 cytoplasm	
residues	 and	 membranes,	 limiting	 WGA	 access	 to	 exposed	 chitin	 in	 fungal	 walls.	
Similarly,	too	long	a	treatment	may	cause	partial	degradation	of	the	fungal	wall	and	
result	in	a	similar	loss	of	image	contrast	and	resolution.	
6 Even	 if	 several	 hundred	 µm-thick	 sections	 can	 be	 used,	 in	 most	 cases	 the	 dye	
penetration	will	be	limited	to	the	first	couple	of	cell	layers	at	the	section	surface.	
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Fig.	1.	Representative	images	of	L.	japonicus	root	samples	colonized	by	F.	mosseae.	Fungal	
walls	are	stained	with	WGA-FITC	(green)	and	plant	walls	with	PI	(red).	Bars	=	25µm.	
	
	
